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[17] X. Liu, "Outage probability of secrecy capacity over correlated lognormal fading channels," IEEE Commun. Lett relay selection metric is proposed to take into consideration both transmission rates and instantaneous link conditions between cooperating nodes. Afterward, the outage probability of the proposed system is derived for Nakagami-m fading channels in the case when perfect channel state information (CSI) is available and then extended to the more realistic scenario where the available CSI is outdated due to fast fading. New expressions for the outage probability are obtained, and the impact of imperfect CSI on the performance is evaluated. Illustrative numerical results, Monte Carlo simulations, and comparisons with similar approaches are presented to assess the accuracy of our analytical derivations and confirm the performance gain of the proposed scheme.
I. INTRODUCTION
The concept of two-way channels was first introduced in [1] , but with the recent emergence of cooperative communications, two-way relaying has been attracting considerable interest. It allows for simultaneous communications over half-duplex links between two source terminals through relays and enhances, considerably, spectral efficiency [2] . In addition, for many practical reasons, a relay selection is usually adopted to reduce the complexity of the two-way relaying schemes. However, unlike conventional one-way relaying [3] - [5] , the selection process is not straightforward since it involves two end nodes, with different resources and interests, that should agree on a single relay.
A number of works in the literature have considered relay selection in the context of two-way relaying for both decode-and-forward (DF) [6] , [7] and amplify-and-forward (AF) relaying strategies. For the case of DF, two relay selection metrics were investigated in [8] , i.e., the conventional max-min criterion [9] and the max-sum approach [10] to maximize the instantaneous sum rate of the cooperating nodes. Another relay selection scheme is proposed in [11] , where the relay is selected to maximize the weighted sum rate of the bidirectional rate pair. Other examples include [12] , where a two-way relaying technique based on modular network coding and opportunistic relay selection [4] is proposed. In [14] , a simple double-max criterion was presented, based on which a "best" relay is selected for each user. In all the cited works, relay selection is based on perfect channel state information (CSI).
For the case of AF relaying, a max-min two-way relay selection technique based on outdated CSI was presented and the outage performance of the considered system was analyzed in [15] . In [16] , the max-min criterion with outdated CSI is investigated, and the system's performance is analyzed in terms of the end-to-end symbol error rate.
In this paper, we focus on the outage performance of two-way selective relaying with DF. First, we propose a new "constrained" relay selection approach based on the maximization of the "weighted sum rate," combining the knowledge of end users' transmission rates with the available information on links' quality. This is not to be confused with other works (e.g., [11] ) aiming also to maximize linear combinations of two-way transmission rates. 1 Second, we derive closed-form expressions for the outage probability of the analyzed system over independently but not necessarily identically distributed Nakagami-m fading channels. We obtain new expressions for the outage probability, and we evaluate the impact of imperfect CSI on the performance.
The contributions of this paper vis-à-vis our conference paper [17] are summarized into three.
• We develop a general framework for the proposed relay selection technique when the available CSI at the central controller is imperfect, and hence, the selection is based on outdated channel estimates. Then, we compare the corresponding performance with the perfect CSI case. Moreover, we consider both scenarios when the transmission from the end node terminals to the selected relay is achieved over two different subcarriers, in the orthogonal case, or over the same subcarrier, in the nonorthogonal case.
• We investigate the outage performance of the system with the proposed relay selection technique over Nakagami-m fading channels, and we present closed-form expressions for the outage probability.
• We compare the outage probability performance of the system when using the proposed relay selection techniques with other approaches from the literature, namely, the max-min technique, the max-sum technique, and random relay selection.
The rest of this paper is organized as follows. In Section II, we describe the analyzed system model and present the relay selection metric. The outage analysis over Nakagami-m fading channels is presented in Section III. Numerical examples illustrating our analysis and comparisons with previous approaches are presented in Section IV, and Section V concludes this paper.
II. NEW METRIC FOR RELAY SELECTION

A. System Model
We consider a two-phase two-way relay network consisting of two end terminals (T 1 and T 2 ) and K intermediate DF relays (r 1 , . . . , r K ), as shown in Fig. 1 . All nodes are equipped with a single antenna for both transmission and reception, and they all operate in the half-duplex mode (i.e., a node cannot transmit and receive at the same time).
At the beginning of each transmission phase, a relay selection scheme is adopted to select one intermediate node r k among the K available relays (the same for both end terminals) to assist the communication between T 1 and T 2 . The criterion for relay selection and the adopted metric are introduced in the following section.
The fading coefficients between T 1 and r k , r k and T 1 , T 2 and r k , and r k and T 2 are respectively denoted as h 1k , h k1 , h 2k , and h k2 . All channels are assumed to be independent but not necessarily identically distributed and not necessarily reciprocal. The relay selection is based on outdated estimates of the fading coefficients denoted asĥ 1k ,ĥ k1 , h 2k , andĥ k2 . The noise over all channels is zero-mean additive white Gaussian with the same variance N 0 . An average transmit power constraint P is imposed on every transmission block, at both terminals, and at each relay. The average signal-to-noise ratio (SNR) is given by SNR = P/N 0 . Thus, the instantaneous SNR over the channel between nodes i and j is given by γ ij = |h ij | 2 SNR. We denote by x 1 and x 2 the symbols transmitted by T 1 and T 2 , respectively, and we assume that
The mutual information between nodes i and j, which is denoted by I ij , can be then given by
Communication between the two end terminals takes place in two successive phases, namely, the transmission phase and the relaying phase. In the transmission phase, terminals T 1 and T 2 transmit, simultaneously, information x 1 and x 2 to relay r k in the same time slot. The received signal at r k can be written as
where n k is the noise component at relay r k . In this phase, two scenarios are considered [18] .
• In the first scenario, both terminals T 1 and T 2 transmit orthogonally to the relay. This orthogonality could be achieved using two different subcarriers to convey the data of each end terminal to the relay [19] . The relaying node will then decode the information coming from each terminal without experiencing interference. Given the target transmission ratesR th 1 andR th 2 between T 1 → r k and T 2 → r k , respectively, an outage occurs at the relay if I 1k <R th 1 and I 2k <R th 2 . In the rest of this paper, we refer to this first case as the "orthogonal" case.
• In the second scenario, no orthogonality is assumed, and the terminals transmit in the same frequency band. In this case, the relaying node will be able to decode the information sent by terminals T 1 and T 2 if I 1k >R th 1 , I 2k >R th 2 , and (1/2) log 2 (1 + γ 1k + γ 2k ) >R th 1 +R th 2 , as proven in [20] ; otherwise, an outage event is declared at the relay. This scenario will be referred to as the "nonorthogonal" case.
In the relaying phase, if decoding is successful at the relay, r k will broadcast a bitwise XOR version of the two received and decoded signals in the same time slot and the same subcarrier [21] , [22] . The received signal at terminal T i /i ∈ {1, 2} can be written as
where n i is the noise component at T i . Each terminal will then decode the received bitwise XOR signal and then perform self-interference cancelation to eliminate its own signal. Note that, for the orthogonal case, if the relay is only able to decode the information sent by one terminal, only this information will be broadcasted in the relaying phase.
B. Selection Metric
At the beginning of each block, a relay selection process is conducted to choose one relay to assist the communication between T 1 and T 2 . We consider a centralized selection process where all communicating nodes feed back their CSI to a central controller that is responsible for the selection. The feedback information from the communicating nodes to the controller may be delayed in time, and hence, the CSI available for relay selection is assumed to be outdated.
The selection is performed in two steps. At first, the central controller starts by determining the set of relays satisfying |ĥ k1 | 2 ≥ μ 1 and |ĥ k2 | 2 ≥ μ 2 , where μ 1 and μ 2 are given selection thresholds. This will limit the selection to potentially "good" relays and hence reduces the complexity in terms of computations for the selection process. We denote the set of selected relays by K th and its cardinality by K th .
In the second step, the central controller selects one relay among the K th preselected relays. The selection metric is based on maximizing the weighted sum of the achievable rates during the transmission phase, i.e.,
where q k1 and q k2 represent the weighting coefficients, and k ∈ {1, · · · , K th }. Since the two end terminals experience different channel fading conditions during the transmission and the relaying phases, we define the weighting coefficients as a function of the channel's quality in the relaying phase, i.e., q k2 = |ĥ k2 | 2 and q k1 = |ĥ k1 | 2 . The weighted sum rate is then given in terms of two elements, i.e., the transmission rates by each end terminal and the instantaneous channel quality from the relay to the other terminal. The selected relay r k , k ∈ {1, ..., K th } should then satisfy
The proposed relay selection technique guarantees a better outage performance compared with other selection techniques. This is shown through simulations in the numerical results section. However, the analytical derivations for the outage probability with this technique are challenging. For this reason and based on the proposed metric, we consider a modified relay selection technique where the instantaneous transmission rates are substituted by the averaged rates. The selected relay r k , k ∈ {1, ..., K th }, with this modified relay selection technique should then satisfy
where
] is the average transmission rate by terminal T 1 , and R 2 = E[log 2 (1 + SNR|ĥ 2k |
2 )] is the average transmission rate by terminal T 2 .
Note that the selection metric is, implicitly, equivalent to a sort of "fairness" where the end terminal with higher rate and/or better channel conditions during both the transmission and the relaying phases will be privileged during the selection. The objective is to ensure that the total rate received by both end terminals T 1 and T 2 , at the end of the communication, is the maximum possible rate.
In the rest of this paper, we denote by μ i the selection threshold in the link r k → T i , and given the target transmission rateR th i between T i → r k , we denote byμ i the SNR-normalized outage threshold given byμ i = (2 2R th i − 1/SNR).
III. OUTAGE PROBABILITY ANALYSIS
Here, we investigate the outage performance of the system when using the modified two-way relay selection scheme presented in Section II. We start by considering a general case where an arbitrary fading channel is considered. Then, we present the outage probability expressions for the particular case of Nakagami-m fading channels. Details of derivations can be found in our technical report [23] .
A. General Case
Given the transmission scenario presented in Section II, a total outage event occurs for these two reasons.
• The set of preselected relays K th is empty, i.e., K th = 0. This happens when no relay satisfies the thresholding selection and hence no relay can be chosen to convey the information. • The set of preselected relays K th is nonempty, but the relaying link is on outage.
The total outage probability can be then written, with a simple rearrangement of indices, as
where Pr[K th ] is the threshold selection probability representing the probability that the preselected set contains K th relays; Pr[k] is the relay selection probability, i.e., the probability that relay r k among the K th available relays is selected; and P out|k is the conditional outage probability given that relay r k has been selected. In what follows, we develop the expressions for each of these probabilities.
• Threshold Selection Probability The central controller starts by determining the set K th of relays having the magnitude square of their second hop channel coefficientsĥ k1 andĥ k2 above thresholds μ 1 and μ 2 , respectively, i.e.,
Let P be the power set of {1, ..., K}, we denote the set of subsets of cardinality K th by
The threshold selection probability can be written as
• Relay Selection Probability After determining the set K th , the central controller selects relay r k , k ∈ {1, ..., K th } that will assist the two end terminals T 1 and T 2 to exchange their blocks of information. The selection is based on the maximization of the weighted sum rate. We denote that sum by z k , i.e., z k = q k2 R 1 + q k1 R 2 . Since r k is selected from the set K th , we have q k2 = |ĥ k2 | 2 ≥ μ 2 and [24] and denoting the probability density function (PDF) of the truncated variable z k from a threshold μ by f Z k , we can derive the probability to select relay r k as
• Conditional Outage Probability Once the central controller has selected relay r k that maximizes the weighted sum rate, communication can start between T 1 and T 2 . An overall outage event occurs when each end node cannot receive the initial block of information sent by the other node.
Orthogonal Case: The two-way communication between T 1 and T 2 can be seen, in this case, as two simultaneous communications: T 1 → T 2 and T 2 → T 1 . We denote by P out|k (T 1 → T 2 ) the outage probability in the direction T 1 → T 2 and by P out|k (T 2 → T 1 ) the outage probability in the other direction. We have, for
The overall outage probability when the relay is already selected can be expressed as the product of P out|k (T 1 → T 2 ) and P out|k (T 2 → T 1 ). Using (6), the final expression of the outage probability when the relay is already selected can be written as
Nonorthogonal Case: The two-way communication between T 1 and T 2 cannot be seen, in this case, as two simultaneous communications. The relaying node will be able to decode the information sent by T 1 and T 2 if I 1k >R th 1 , I 2k >R th 2 , and 1/2 · log 2 (1 + γ 1k + γ 2k ) >R th 1 +R th 2 [20] , [25] . Taking this into consideration, the expression in (6) will be written as
withμ ths = (2 2(R th 1 +R th 2 ) − 1)/SNR.
B. Nakagami-m Fading Channels
In this case, channel parameters h 1k , h k1 , h 2k , and h k2 are from Nakagami-m profiles with respective shape parameters m 1k , m k1 , m 2k , and m k2 and respective scale parameters Ω 1k , Ω k1 , Ω 2k , and Ω k2 . Hence, |h ij | 2 follows a gamma distribution G(m ij , Ω ij /m ij ) with a shape parameter m ij and a scale parameter
It is assumed that all fading parameters m ij are integers.
We denote the variable of interest |h ij | 2 by x ij . The PDF of x ij is given by
where Γ(.) is the Gamma function.
In what follows, we will start by considering the case where perfect CSI is available for relay selection at the central controller; then, we extend the result to the outdated case.
1) Perfect CSI Case: When perfect CSI is available at the central controller, we haveĥ ij = h ij , where (i, j) represents the different links between the end terminals and the selected relay. For this case, we present the different probabilities involved in the outage probability expression in (3).
• Threshold Selection Probability
The threshold selection probability, in the Nakagami-m case, can be written as
• Relay Selection Probability In the Nakagami-m case, the weighted sum rate, defined as z l = q l2 R 1 + q l1 R 2 , is a sum of the following two truncated gamma variables:
Using propositions 1 and 2 from our technical report [23] along with (5), the relay selection probability Pr[k] can be obtained. The expression of this probability is quite long and is omitted here due to space limitations. See [23] for further details.
• Conditional Outage Probability Orthogonal Case: For the Nakagami-m case, the conditional outage probability is given by
Nonorthogonal Case: The derivations are similar to the orthogonal case. However, for this scenario, we also need the expression of the probability Pr[|h 1k
, which is given by [23] .
2) Outdated CSI Case: In practical scenarios, the available CSI at the central controller may be outdated. Here, we investigate the impact of imperfect CSI on the performance of the previously analyzed perfect CSI case. We have h k1 and h k2 follow similar distributions as h k1 and h k2 and are from Nakagami-m profiles with shape parameters m k1 and m k2 and scale parameters Ω k1 and Ω k2 . We consider the general case where the scale parameters of the outdated channel distributions are different from those of the actual channel distributions. This is, for example, the case when the delay is very considerable compared to the fading rapidity. Variables | h ki | 2 and |h ki | 2 are then two correlated gamma variates (i ∈ {1, 2}) with a joint PDF given by [26] 
where x 1 , x 2 ≥ 0; (x) y denotes the Pochhammer symbol; and ρ represents the correlation coefficient between | h ki | 2 and |h ki | 2 . In this case and since the estimated channel coefficients are similarly distributed as the perfect coefficients, the derivations of the threshold selection probability and relay selection probability, which is obtained for the perfect CSI case, remain unchanged, where h ki and Ω ki should be considered instead of h ki and Ω ki . However, since the selection is based on outdated channel estimates, the conditional outage probability should be re-evaluated.
First, the conditional outage probability can be expressed as
We denote the numerator of the expression in (14) by I 1 and the denominator by I 2 . Using the expression of the joint PDF in (12), we can write
where the integrals in the expression of I 1 are given bỹ
On the other hand, denominator I 2 is given by
Then, we get
Substituting (18) in (7), the conditional outage probability is given, for the Nakagami-m case with outdated CSI, by (19) , shown at the bottom of the next page. Note that the particular case of ρ = 1 is equivalent to the Nakagami-m case with perfect CSI, whereas the case ρ = 0 is similar to a system without relay selection. 
IV. NUMERICAL EXAMPLES
Here, we present the results obtained based on our analytical expressions in the Nakagami-m case along with the results of numerical simulations. The simulated system consists of three relays with the following parameters:
= {4, 3, 1} dB, and {Ω k2 } 3 k=1 = {5, 4, 2} dB. We recall that all fading parameters m ij are set to integer values.
The total outage probability obtained in the Nakagami-m case is presented, as shown in Fig. 2 , as a function of the SNR for both the orthogonal and the nonorthogonal cases. Different values of the fading parameters m 1 and m 2 are considered. We can see that our analytical results are in perfect agreement with Monte Carlo simulations.
In Fig. 3 , the total outage probability is shown as a function of the threshold γ th 1 for m 1 = 2, m 2 = 1, and μ 2 = 2 dB. The results are shown for three illustrative values of the average SNR, i.e., 10, 15, and 20 dB. The figure shows the existence of a local optimum, which is attained when γ th 1 is relatively close toγ th 1 . Note that beyond that point, set K th becomes smaller and the probability of relay selection will decrease, i.e., it becomes very hard to find a satisfying relay with the imposed constraints. Hence, the outage probability will predictably increase, as shown in the figure.
In Fig. 4 , we show the effect of outdated CSI, captured by the correlation coefficient ρ between actual and outdated channel coefficients, on the outage performance in the case of Nakagami-m fading channels. The total outage probability is presented as a function of the SNR for ρ = 0, 0.5, and 0.99 and for different values of the fading parameters m 1 and m 2 . Note that, when the correlation coefficient ρ approaches 1, we get similar result as those obtained with perfect CSI in Fig. 3 . This confirms the accuracy of our model and derivations. 2 In addition, in the figure, we can see that practical considerations (that 2 To compute the infinite sum in (19) , less than 50 terms are actually necessary to converge to the final value. may result in outdated CSI at the central controller) may cause a loss of 1-2 dB, compared with the perfect scenario with exact CSI. Finally, Figs. 5 and 6 present a comparison between the proposed relay selection technique and other approaches from the literature, namely, the max-min technique analyzed in [8] , the max-sum technique considered in [10] , random selection over the relays in the preselected set K th , and random selection over all K relays. In Fig. 5 , we present the outage probability of the system in terms of the SNR, whereas in Fig. 6 , the outage probability is plotted versus the number of relays K. Both figures show a clear performance gain using the proposed metric in (1). This is expected since our metric takes into consideration the achievable rates during the transmission phase and the channel quality experienced by each of the rates during the relaying phase. On the other hand, the outage performances of the system with the modified relay selection technique in (2) are close to the performance of the max-min and the max-sum techniques. In Fig. 6 , we can see that, as the number of relays K grows, the proposed relay selection technique clearly outperforms the other approaches.
V. CONCLUSION
We have analyzed the outage performance of DF relaying in the context of selective two-way cooperative systems. A new relay selection metric, under the form of a weighted sum rate, was proposed, and we derived the expressions of the outage probability of the system over Nakagami-m fading channels. The impact of imperfect CSI on the outage behavior was investigated and analytically quantified. The obtained results show that the proposed scheme outperforms conventional approaches and give a realistic insight into the design of practical two-way relaying systems.
